In a survey of soil and wheat or maize rhizoplane bacteria isolated using a medium containing azelaic acid and tryptamine as sole carbon and nitrogen sources, respectively, a large proportion of Burkholderia-l i ke bacteria were found. Among them, a homogeneous group of strains was identifiable based on phenotypic properties, fatty acid composition, DNA-DNA hybridizations and 16s rDNA sequences. According to molecular data, this group belongs to the genus Burkholderia but its weak similarity to previously described species suggests that it belongs to a novel species. Closest 16s rDNA phylogenetic neighbours of this species are Burkholderia caryophylli and two previously named Pseudomonas species which clearly appear to be part of the Burkholderia genus and were thus named Burkholderia glathei comb. nov. ) , where wheat is grown either continuously or in rotation with a lupin-based pasture; the soil is an alphisol. Walpeup is an experimental wheat-growing station, situated in Victoria (Australia), on a very poor sandy soil, in a fixed sand dune system. Soil samples of the two Australian stations have been collected and used for growing wheat (cv. Spear) in pots under glasshouse conditions (three plants per pot containing 1.5 kg soil). After 3-4 weeks, wheat plants were harvested and used to isolate bacteria from their rhizoplane, as above. A few strains were isolated directly on PCAT medium from salt-affected and hydrophobic soils near Adelaide. Also included in Table 1 are 18 reference strains of Burkholderia, Pseudomonas, Ralstonia and Alcaligenes. Among the eleven type strains of Burkholderia species, only type strains of B. mallei and B. pseudomallei were not grown in this laboratory.
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Pseudomonas cepacia was first mentioned by Ballard et al. (3) in 1970. This term was used for bacteria responsible for bulbiferous Aliaceae root rot diseases which had been described in decaying onions in 1950 by Burkholder (8) . In 1966, Stanier et al. (47) had already described a Pseudomonas species (Pseudornonas rnultivorans), which later on was recognized to be identical to P. cepacia by Palleroni & Holmes (36), who validly described P. cepacia in 198 1. This species was ascribed to section I1 of Pseudomonas The GenBank accession numbers for the sequences reported in this paper are U96927-U96941.
by Doudoroff & Palleroni (14) , along with other bacteria that utilize arginine and betaine as sole carbon source, such as Pseudomonas mallei, Pseudomonas pseudomallei, Pseudomonas caryophylli and Pseudomonas gladioli, formerly Pseudornonas marginata (3 1). This grouping was consistent with that of Ballard et al. (3) and Palleroni et al. (37) using rRNA-DNA hybridization.
In 1992, Yabuuchi et al. (61) proposed to assign these bacteria to a new genus, Burkholderia. As well as the above-mentioned species (i.e. Burkholderia caryophylli, Burkholderia cepacia, Burkholderia gladioli, Burkholderia mallei and Burkholderia pseudornallei), two other [Pseudomonas] species were also included on the basis of 16s rRNA sequences, DNA-DNA hybrid-V. Viallard and others ization studies, cellular lipids and fatty acids, and phenotypic properties ; these were Pseudomonas solanacearum and Pseudomonas pickettii (40) . Later on, Li et al. (60) came to the conclusion that the latter two species and [Alcaligenes] eutrophus were a separate lineage and Gillis et al. (20) proposed that they were a separate genus. In 1995, Yabuuchi et al. (62) validly described Ralstonia solanacearum, Ralstonia pickettii and Ralstonia eutropha. Both genera belong to the same rRNA group I1 of [Pseudomonas] as defined by Palleroni et al. (37) .
In 1994, Urakami et al. (53) transferred the [Pseudomonas] species Pseudomonas glumae (28) and Pseudomonas plantarii (2) to the genus Burkholderia and also described a new species, Burkholderia vandii. To these Burkholderia species, Gillis et al. (20) added a nitrogenfixing bacterium discovered in Vietnam rice fields (49-5 1) known as Burkholderia vietnamiensis. They also transferred to the genus Burkholderia the species [Pseudomonas] andropogonis ( = woodsii) (48) and [Pseudomonas] cocovenenans (see also 63).
The genus Burkholderia currently comprises eleven species ; Burkholderia andropogonis, B. caryophylli, B. cepacia, Burkholderia cocovenenans, B. gladioli, Burkholderia glumae, B. mallei, Burkholderia plantarii, B. pseudomallei, B. vandii and B. vietnamiensis . This genus belongs to the P-subclass of the Proteobacteria (59). Most of the above-mentioned species appear in section I1 of Pseudomonas in Bergey's Manual (39, whereas the others are in section V. The latter section included species whose DNA or rRNA relatedness had not been characterized in 1984.
During a field survey of B. cepacia populations in some French and Australian agricultural soils (39), a large diversity of strains was isolated on PCAT agar (7), which is considered selective for B. cepacia. In comparison with type strains from Burkholderia, Pseudomonas and Ralstonia species, these isolates were characterized by phenotypic (Biolog, API, MIDI-FAME) and genotypic (DNA-DNA hybridizations, 16s rDNA sequencing) analyses. It became obvious that the isolates belonged to at least three, and possibly five or six, different Burkholderia species. One very homogeneous group (group A) existed among the isolates and could not fit into any of the described Burkholderia or Pseudomonas species ; a novel species, Burkholderia graminis, is proposed.
METHODS
Bacterial strains and medium. Strains used in this study are listed in Table 1 . Unless otherwise stated, strains were isolated using PCAT medium [composition (in g 1-l) : MgSO,, 0.1 ; azelaic acid, 2; tryptamine, 0.2; K,HPO,, 4; KH,PO,, 4; yeast extract, 0.02 (pH 5.7)] (7). Only strains forming white or beige opaque shining colonies with an entire margin were considered. They came mostly from three fields: La C6te Saint AndrC, Kapunda and Walpeup. La C6te Saint AndrC is an experimental field located 40 km east of Lyon (France) on an alluvial soil where maize is grown continuously; isolates have been obtained from the soil and the rhizoplane (washed roots, macerated and diluted) of germinating, flowering or senescent maize root systems. Kapunda is an experimental field, 80 km north of Adelaide (South Australia), where wheat is grown either continuously or in rotation with a lupin-based pasture; the soil is an alphisol. Walpeup is an experimental wheat-growing station, situated in Victoria (Australia), on a very poor sandy soil, in a fixed sand dune system. Soil samples of the two Australian stations have been collected and used for growing wheat (cv. Spear) in pots under glasshouse conditions (three plants per pot containing 1.5 kg soil). After 3-4 weeks, wheat plants were harvested and used to isolate bacteria from their rhizoplane, as above. A few strains were isolated directly on PCAT medium from salt-affected and hydrophobic soils near Adelaide. Also included in Table 1 Biochemical characterization. All tests were performed at 28 "C. The Biolog GN system was used as recommended by the manufacturer to test the oxidation of 95 carbon substrates. Results were read automatically with a spectrophotometer after 24 or 48 h incubation at 28 "C. To test the reproducibility of the method, eight isolates were run in duplicate. Numerical analysis of the results was made using the G N Microlog 2N software which calculates Microlog distances derived from the number of differences between strains. This software also permits clustering analysis using the UPGMA (unweighted mean pair group method) algorithm of Sneath & Sokal(44).
Carbon substrate assimilation tests were performed using auxanographic API 50CH strips (bioMCrieux) as recommended by the manufacturer. Nine isolates were tested in duplicate. Numerical analysis was performed on data obtained after 7 d incubation. Interstrain distances were calculated using the coefficient of Dice and a phenogram was built using UPGMA.
The API 20NE microtube system (bioMCrieux) was used as a standardized method to test oxidase activity, nitrate reduction, gelatin and aesculin hydrolysis, glucose fermentation, arginine dihydrolase activity and production of indole, P-galactosidase and urease. Analysis of Burkholderia graminis sp. nov.
3 ml NaOH (0.3 M) was added and the combination was mixed before centrifugation. The upper phase was carefully removed and used for analysis. Analysis was carried out with a Hewlett Packard HP 5890 Gas Chromatograph equipped with a phenyl methyl silicone fused silica capillary column (HP Ultra 2-25 m x 0.2 mm x 0.33 mm film thickness) and a flame ionization detector. Hydrogen was used as the carrier gas. The temperature programme was initiated at 170 "C and increased at 5 "C min-l to a final temperature of 270 "C.
DNA manipulation. DNA was extracted according to the procedure of Brenner et al. (5) . To further purify DNA, extra chloroform/isoamyl alcohol extraction steps were added. Mean G + C contents (molY0) of five phenon A strain DNAs were determined by HPLC (38).
PCR and 165 rDNA sequencing. Five isolates from the various field conditions were chosen as representatives of the two major clusters obtained after phenotypic analysis : strains AUS35, C4D1MT and C3AlM (representative of phenon A) and m35b and C3BlM (representative of phenon B). The 16s rDNA of these strains was sequenced. The oligonucleotides used to amplify the 16s + intergenic spacer region of the rRNA gene were 5' ATGGA(GA)AG-(TC)TTGATCCTGGCTCA 3' and 5' CCGGGTTTCCCC-ATTCGG 3' derived from the rrn sequences of Frankia sp. (34). PCR was performed in a final volume of 50 pl, under a thin layer of paraffin oil, directly on a reaction mixture containing 1 pl cell suspension (about lo9 cells ml-l) in 50 YO (w/v) glycerol, 5 p1 buffer [ 10 pM Tris/HCl, pH 8.2; 1.5 mM MgC1,; 50 mM KCl; 0.01 YO (w/v) gelatin], 20 pM of each dNTP (Pharmacia), 0.5 pM of each primer and 2.5 U TaqI DNA polymerase (Gibco-BRL). Amplifications were carried out on a dry block thermocycler using the following programme: 3 min at 95 "C followed by 35 cycles of denaturation (1 min at 95 "C), annealing (1 min at 55 "C) and extension (2 min at 72 "C), and then a final extension of 10min at 72 "C. To check for amplification efficiency, amplification products (5 pl) were run on a 2 % horizontal agarose gel in TBE buffer at 4Vcm-l. The PCR amplification products were visualized by ethidium bromide staining.
Sequencing of the 16s rRNA gene only (positions 58-1541 of the Escherichia coli 16s rDNA sequence) was performed by Genome Express, Grenoble, France. Sequences of both strands were determined using the following five oligonucleotides (which correspond to positions 20-43, 5 18-532, 885-904,152 1-1 540 and 880-899 of the E. coli small-subunit rDNA sequence, respectively) : 5' TGGCTCAGAACGA-ACGCTGGCGGC 3'; 5' AGCCTTGCGGCCGTACTC-CC 3'; 5' CAGCAGCCGCGGTAA 3'; 5' AAGGAG-GGGATCCAGCCGCA 3'; and 5' GCCTGGGGAGC-TCGGCCGCA 3'.
Phylogenetic analyses. All DNA sequences were deposited in the EMBL/GenBank database ( ' (27) , strain GSOY (1 7), strain E264 (6) and strain LB400 (29). Neisseria polysaccharea (L06167) was used as an outgroup. Only welldefined sequences with less than five undetermined nucleotides were used. Sequences were aligned using CLUSTAL v (24) between positions 98 and 1496 (E. coli numbering). Alignment was refined manually using the SUNMASE algorithm (1 5). A stretch of uncertain alignment (position 209-220) was removed before calculating painvise evolutionary distances according to Jukes & Cantor (26) with the DIFFCOUNT program. Phylogenetic trees were constructed using the neighbour-joining method of Saitou & Nei (42) with the PHYLO-WIN graphic tool (19). The topology of this distance tree was tested by 1000 bootstrap resamplings of data (16) . Parsimony analysis was done using the PHYLO-WIN program.
DNA-DNA hybridization. Native DNAs of strains ATCC 25416T and C4DlMT were labelled in vitro by nick-translation (4 1) with tritium-labelled nucleotides (Amersham). The procedure used for the hybridization experiments (S1 nuclease/ trichloracetic acid method) has been described by Crosa et al.
(1 1). DNA fragments (500 bp long) obtained by sonication were used. number of poorly related strains contrasting with a large number of closely related ones. The closely related strains constitute a few well-defined clusters, whereas the poorly related strains form an unstable cloud which is very sensitive to small phenotypic differences.
RESULTS

Phenotypic analysis of Burkholderia and related strains
In contrast, two phenons called A and B were clearly differentiated using both API and Biolog (Fig. 1) and they contained roughly the same strains for slightly different levels of relatedness. The similarity of phenon A strains was more than 97 YO using API but only 82 % using Biolog; for phenon B strains, similarities were nose; none of them used dulcitol or D-tagatose as sole carbon source. This represented a combination of characteristics unique among Burkholderia species (Table 2) .
Fatty acid composition
Fatty acid analysis of the 19 phenon A and B strains analysed showed the presence of 3-OH 16 : 0, a characteristic feature of the Burkholderia genus. This compound represented 3-5 % of total fatty acids. The two Ralstonia strains analysed contained no trace of 3-OH 16 : 0, confirming the taxonomic value of this characteristic (20). Among seven analysed phenon A strains, AUS28 was slightly different (Fig. 2) . The six remaining strains had a rather similar fatty acid com- * See Fig. 1 (a, b) .
Phylogenetic analysis
The 16s rDNA sequence (about 1500 bp) was determined for the following strains: AUS35, C4D1MT, C3AlM (which belong to phenon A), and m35b and C3BlM (phenon B Phylogenetic trees were inferred using the neighbourjoining and parsimony algorithms and rooted with N . polysaccharea (Fig. 3) .
The whole genus Burkholderia formed a homogeneous cluster; the maximum difference between the 16s sequences was 6.2 % (between B. andropogonis type strain and strain LB400) and this cluster was stable (bootstrap value of 96%). As well as members of 
DISCUSSION
Isolation medium
This study was initiated with the aim of characterizing the in situ intraspecific diversity of B. cepacia. To obtain a set of isolates representative of natural populations of this species, use of PCAT medium, which was described by Burbage & Sasser (7) The closely related R. solanacearum and R. eutropha type strains do not grow on PCAT. Thus, there seems to be some taxonomic meaning to growth on PCAT but its level of specificity deserves more research. This is of increasing importance as there is a strong need for a selective medium to isolate Burkholderia strains from clinical and environmental specimens (58, 10, 22, 52, 56).
Burkholderia vs Ralstonia
Strains isolated using PCAT were further characterized by Biolog and API methods. In terms of methodologies, both API and Biolog methods are applicable for highlighting groups of related strains against a background of more distantly related ones. Biolog has a lower reproducibility and is not very accurate when considering distantly related microorganisms. API 50CH appears more reliable but is less efficient when dealing with closely related phenotypes because of the smaller number of characters treated. The presence of 3-OH 16:O among fatty acids is confirmed as a phylogenetically meaningful characteristic to distinguish Burkholderia from Ralstonia.
B. andropogonis
With phenotypic and molecular methods, there is a very clear-cut distinction between Burkholderia and the few Ralstonia reference strains studied. Nevertheless, some ambiguity arises about B. andropogonis and B. caryophylli. When using Biolog, type strains of both species cluster with Ralstonia, whereas when using API, B. caryophylli stays with Burkholderia while B. andropogonis clusters with Ralstonia, as already seen by Gillis et al. (20 The number of Burkholderia species validly described thus amounts to 14. These are B. andropogonis, B. caryophylli, B. cepacia, B. cocovenenans, B. gladioli, B. glathei, B. glurnae, B. mallei, B. phenaziniurn, B. plantarii, B. pseudornallei, B. pyrrocinia, B. vandii and B. vietnarniensis 
Strains related to B. graminis
In the GenBank database there are some 16s rDNA sequences which are highly similar to the C4D1MT sequence and could eventually belong to B. graminis. These belong to strains N2P5, N3P2 and N2P6 (33), and to strain LB400 (29). DNAs of N2P5 and N3P2 have hybridization values of 24 and 30 %, respectively, with C4D1MT DNA. This is not enough to consider them as belonging to B. graminis, but they are very closely related. According to its 16s sequence, LB400 is not closer to C4D1MT. Moreover, B. graminis and B. phenazinium belong to the same branch on the neighbour-joining tree (with 99 % of bootstrap data samplings) and this situation is confirmed by the parsimony tree. Nevertheless, the DNA-DNA reassociation value between B. graminis C4D 1 MT and B. phenazinium is 16% confirming that the two species are related but different (57). B. graminis thus appears to be a completely new taxon.
Phenon B taxonomic status
Phenon B is a heterogeneous cluster containing phenotypically related strains belonging to different genospecies. When measured, their DNA-DNA homology (determined by reassociation) with B. cepacia ATCC 25416T is higher than 47% but never close to 70% (data not shown), showing that they are closely related but different. The two isolates sequenced, m35b and C3BlM, show a high similarity to B. cepacia (98.8 and 99.3 %, respectively) and B. vietnamiensis (98.7 and 99%, respectively), but they differ more from each other (99% similarity) than B. cepacia does from B.
vietnamiensis (99.4 YO). The fatty acid composition of phenon B strains also shows the heterogeneity of this group (Fig. 2) . Phenon B thus constitutes a complex of related species, not resolved enough by the set of data reported in this article. It contains [P.] pyrrocinia and strains of clinical origin (data not shown). It is currently subject to more taxonomic work which will be published later.
Conclusions
On the basis of this polyphasic approach, the genus Burkholderia appears to be more complex than previously thought. The phenotypic data show that 20 of the 60 strains isolated do not belong to any phenon containing a known species. Moreover, they seem extremely diverse. Contrasting with this large background diversity, two groups of isolates appear to be clearly dominant in the situations studied, in France as well as in Australia.
One group, containing phenon B isolates, is not resolved at the taxonomic level and will be subject to further studies; it seems to constitute a branching cluster, centred around B. The G + C content is 62-5-63.0 mol YO. Isolated from the rhizosphere of wheat, corn and pasture grasses.
The proposed type strain is C4D1MT (G + C content 63 mol %), which has been deposited in the ATCC and given the accession number ATCC 700544.
